University of New Hampshire

University of New Hampshire Scholars' Repository
Master's Theses and Capstones

Student Scholarship

Fall 2016

A COMPARISON OF MACROFAUNAL AND ALGAL COMMUNITIES
IN OYSTER AQUACULTURE GEAR, AN EELGRASS BED, OYSTER
REEF, AND A MUDFLAT IN GREAT BAY, NEW HAMPSHIRE
Megan Elizabeth Glenn
University of New Hampshire, Durham

Follow this and additional works at: https://scholars.unh.edu/thesis

Recommended Citation
Glenn, Megan Elizabeth, "A COMPARISON OF MACROFAUNAL AND ALGAL COMMUNITIES IN OYSTER
AQUACULTURE GEAR, AN EELGRASS BED, OYSTER REEF, AND A MUDFLAT IN GREAT BAY, NEW
HAMPSHIRE" (2016). Master's Theses and Capstones. 876.
https://scholars.unh.edu/thesis/876

This Thesis is brought to you for free and open access by the Student Scholarship at University of New Hampshire
Scholars' Repository. It has been accepted for inclusion in Master's Theses and Capstones by an authorized
administrator of University of New Hampshire Scholars' Repository. For more information, please contact
Scholarly.Communication@unh.edu.

A COMPARISON OF MACROFAUNAL AND ALGAL COMMUNITIES
IN OYSTER AQUACULTURE GEAR,

AN EELGRASS BED, OYSTER REEF, AND A MUDFLAT
IN GREAT BAY, NEW HAMPSHIRE
BY
MEGAN GLENN

Environmental Studies (BA), University of Pennsylvania, 2009
THESIS

Submitted to the University of New Hampshire
In Partial Fulfillment of

The Requirements for the Degree of
Master of Science
in

Biological Sciencese
in

BioloSeptember, 2016gical es
Septembe

This thesis has been examined and approved in partial fulfillment of the requirements for
the degree of Biological Sciences in Marine Biology

Thesis Director, Dr. Raymond Grizzle, Research Professor of
Zoology
Dr. David Burdick, Research Associate Professor of Coastal
Ecology and Restoration
Dr. Huntting W. Howell, Professor of Biological Science
On June 16, 2016
Original approval signatures are on file with the University of New Hampshire Graduate
School.

ii

Acknowledgements
I would like to acknowledge and give thanks to my adviser, Dr. Ray Grizzle, for his

invaluable help, support, and guidance through this process. I would also like to

acknowledge my committee members, Dr. David Burdick and Dr. Hunt Howell for their
support and help. Many thanks to Krystin Ward for her assistance in the field and her

unwavering patience in answering my many questions and to Dr. Arthur Mathieson for his

invaluable help identifying algae. Additional thanks to Liz Morrissey for her editing input
and to Courtney Brooks, Anna Bruning, Caroline Doherty, Liz Folz, Lesley Gardner, Anya

George, Matthew Glenn, Jane Harrington, Jordan Hillyard, Debra Kam, Bill and Julie Kath,

Peg O’Neil, Jillian Robillard, David Shay, and Elizabeth Werner for their help in the field
and in the lab. I would also like to acknowledge and give my deepest thanks my family,

Bruce & Liz Folz, and Christine Keer, whose hours of babysitting allowed me to finish this
project. And lastly, Matthew Glenn, without whose love and support I would not have
started down this path.

iiii

Contents
Acknowledgements ..............................................................................................................................................iii
List of Tables ..........................................................................................................................................................v

List of Figures .........................................................................................................................................................vii

Abstract ...................................................................................................................................................................viiiii
Introduction ............................................................................................................................................................ 1

Provision of habitat.......................................................................................................................................... 1

Oyster farms ....................................................................................................................................................... 3

Methods .................................................................................................................................................................... 5
Study Site ............................................................................................................................................................. 5

Field methods ..................................................................................................................................................... 6
Statistical analysis ......................................................................................................................................... 10

Results .................................................................................................................................................................... 13
Univariate community metrics................................................................................................................. 13
Multivariate community metrics ............................................................................................................. 21

Discussion ............................................................................................................................................................. 28
Temporal trends ............................................................................................................................................ 31
Algal community ............................................................................................................................................ 33
Fish community and prey species ........................................................................................................... 35
Conclusion ........................................................................................................................................................ 37

References ............................................................................................................................................................ 40
APPENDIX A ......................................................................................................................................................... 48

APPENDIX B ......................................................................................................................................................... 52

iv

List of Tables
TABLE 1 COMMUNITY INDICES GROUPED BY HABITAT. DENSITY DATA USED AND DOES
NOT INCLUDE ALGAE. ............................................................................................................................. 21
TABLE 2 RANK ABUNDANCE OF FISH SPECIES. SUM OF ALL INDIVIDUALS ON EACH
HABITAT THROUGHOUT THE STUDY. ............................................................................................. 23
TABLE 3 RANK ABUNDANCE TABLE OF DENSITY OF INVERTEBRATE AND FISH SPECIES.
ONLY THE TOP 15 SPECIES WERE INCLUDED. BOLDED SPECIES ARE COMMON FOOD
FOR COMMERCIALLY AND RECREATIONALLY IMPORTANT FISH SPECIES FOUND IN
GREAT BAY (COLLETTE AND KLEIN-MACPHEE 2002; SALE ET AL. 2002; ABLE AND
FAHAY 2010). ............................................................................................................................................. 24
TABLE 4 RANK ABUNDANCE TABLE OF BIOMASS OF ALL ALGAL SPECIES. ONLY TOP 5
SPECIES WERE INCLUDED. ................................................................................................................... 25
TABLE 5 SPECIES INDICATOR ANALYSIS TABLE. BOLDED SPECIES ARE SIGNIFICANTLY
MORE LIKELY TO APPEAR ON THE HABITAT INDICATED. STARRED SPECIES HAVE AN
INDICATOR VALUE OF >70. .................................................................................................................. 26
TABLE 6 COMPARISON OF CURRENT STUDIES TO TWO PREVIOUS STUDIES. ....................... 29

v

List of Figures
FIGURE 1 SAMPLE LOCATIONS OF PLACEMENT OF SAMPLE SITES. .............................................. 6
FIGURE 2 VOLUMETRIC SAMPLER USED TO SAMPLE FLORA AND FAUNA FROM ALL FOUR
HABITAT TYPES (SEE TEXT FOR DETAILS). ..................................................................................... 8
FIGURE 3 SAMPLE FARM GEAR (CONDO). VOLUMETRIC MEASURE IS 0.125 M3 AND IS
APPROXIMATELY 1/4 SIZE OF COMMERCIAL CONDO. ................................................................ 9
FIGURE 4 MEAN ANIMAL DENSITY BY HABITAT TYPE COMBINING DATA FROM ALL FOUR
SAMPLING PERIODS. THERE WAS A SIGNIFICANT DIFFERENCE OF MEAN DENSITY
BETWEEN THE HABITAT TYPES (P< 0.0001). LETTERS INDICATE SIGNIFICANCE
GROUPINGS BASED ON TUKEY MEANS-SEPARATION TESTS. ALL SPECIES EXCEPT
FOR MOLGULA SPP. AND S. CLAVA WERE INCLUDED IN THE ANALYSIS. .......................... 13
FIGURE 5 DENSITY OF ALL ANIMALS (EXCLUDING MOLGULA SPP.) ON HABITATS DURING
SAMPLING MONTHS. THERE WAS A SIGNIFICANT DIFFERENCE IN DENSITY ON THE
HABITATS (P<0.05) DURING EACH MONTH. LETTERS INDICATE SIGNIFICANCE
GROUPINGS BASED ON TUKEY MEANS-SEPARATION TESTS. HABITATS NOT
CONNECTED BY THE SAME LETTER ARE SIGNIFICANTLY DIFFERENT. ........................... 15
FIGURE 6 MEAN BIOMASS BY HABITAT TYPE COMBINING DATA FROM ALL FOUR
SAMPLING PERIODS WITH ALL TAXA COMBINED AND SEPARATED BY MAJOR TAXA.
THERE WAS A SIGNIFICANT DIFFERENCE OF MEAN BIOMASS BETWEEN THE
HABITAT TYPES (P< 0.0001). LETTERS INDICATE SIGNIFICANCE GROUPINGS BASED
ON TUKEY MEANS-SEPARATION TESTS. HABITATS NOT CONNECTED BY THE SAME
LETTER ARE SIGNIFICANTLY DIFFERENT. .................................................................................... 17
FIGURE 7 SPECIES RICHNESS FOUND ON THE HABITATS. THERE WAS A SIGNIFICANT
EFFECT OF HABITAT ON SPECIES RICHNESS FOR ALL TAXA (P<0.05). LETTERS
INDICATE SIGNIFICANCE GROUPINGS BASED ON TUKEY MEANS-SEPARATION TESTS.
HABITATS NOT CONNECTED BY THE SAME LETTER ARE SIGNIFICANTLY DIFFERENT.
.......................................................................................................................................................................... 19
FIGURE 8 SPECIES RICHNESS BY HABITAT ACROSS MONTHS. THERE WAS A SIGNIFICANT
DIFFERENCE OF TOTAL COMMUNITY SPECIES RICHNESS ACROSS MONTH (P<0.01).
THERE WAS A SIGNIFICANT DIFFERENCE IN SPECIES RICHNESS ACROSS MONTH FOR
THE INVERTEBRATES (P=0.008) AND ALGAE (P=0.0002), BUT NOT FOR FISH. ........... 20
FIGURE 9 ORDINATION GROUPED BY HABITAT. AXIS 1 ACCOUNTS FOR 47% OF THE
VARIATION AND AXIS 2 ACCOUNTS FOR 17% OF THE VARIATION IN INVERTEBRATE
ABUNDANCE. AXIS 1 WAS MOST STRONGLY CORRELATED WITH SHANNON
DIVERSITY INDEX (PEARSON AND KENDAL CORRELATION R2). AXIS 2 WAS
CORRELATED WITH EVENNESS. ........................................................................................................ 22
vii

FIGURE 10 SCHEMATIC ILLUSTRATIONS SHOWING FISH, INVERTEBRATE AND ALGAL
SPECIES AND RELATIVE ABUNDANCES IN THE FOUR HABITATS, FROM TOP TO
BOTTOM: FARM GEAR, EELGRASS, OYSTER REEF, AND MUDFLAT. ................................... 36

viii

ABSTRACT

A COMPARISON OF MACROFAUNAL AND ALGAL COMMUNITIES IN OYSTER
AQUACULTURE GEAR,

AN EELGRASS BED, OYSTER REEF, AND A MUDFLAT
IN GREAT BAY, NEW HAMPSHIRE
by

Megan Glenn

University of New Hampshire, September 2016
Oysters (Crassostrea virginica) and eelgrass (Zostera marina) are important ecosystem

engineers in Great Bay, NH, however despite restoration efforts they have been in decline.

In addition to loss of the resource, this degradation results in loss of associated ecosystem
services such as habitat provision. It is possible that the recent increase in oyster farming

in Great Bay could help mitigate habitat loss. My research objective was to quantify the
biotic communities present in three natural habitats (eelgrass beds, oyster reefs and

mudflats) in Great Bay NH and compare those to communities living on the type of gear
(“racks and bags”) used for oyster farming. A total of 57 samples, each 0.5 x 0.5 x 0.5 m

(=0.125 m3), were taken during June, August and October of 2014 and August 2015 from
an eelgrass bed, oyster reef, mudflat, and farm gear. All algae, invertebrates, and fish

contained within each sample were identified to the species level, counted and weighed.
There was significantly greater total density (p<0.0001), total biomass (p<0.0001), and
total taxonomic richness (p<0.0001), on the farm gear when compared to the natural

habitats. This suggests that farm gear is a comparable habitat to adjacent natural habitats,

and that oyster farms may be able to help mitigate habitat loss due to declining oyster reefs
and eelgrass beds.

viii

Introduction
Oysters (Crassostrea virginica) are an integral part of many estuarine environments

and are valued as an economic resource. In addition to economic benefits of the fishery,

oysters provide ecosystem services such as habitat provision which has become the focus

of extensive research in the past two decades (Coen et al. 1999, 2007, 2011; Newell 2004;

Ruesink et al. 2005; McKindsey et al. 2006; see reviews by: Coen and Grizzle 2007; Forrest

et al. 2009). Natural oyster reefs along the Atlantic coast of the U.S. have been in decline,

resulting in decreases in the habitat they provide, and efforts are being made to mitigate
these lost ecosystem services through restoration (Coen et al. 1999; Coen and Grizzle

2007). The introduction of oyster aquaculture could provide habitat but the metrics to

evaluate this have only recently begun to be quantified (Shumway et al. 2003; Coen et al.
2007, 2011). The major objective of my project wasto assess the biotic communities
associated with oyster farm gear in Great Bay, New Hampshire, and compare those

communities to adjacent natural habitats including eelgrass beds, oyster reefs, and mud
flats.

Provision of habitat
Oysters and eelgrass are both considered “keystone species” meaning that their

existence modifies the environment in such a way that their removal would result in

disappearance of dependent organisms (Mills et al. 1993). There has been substantial

research documenting the importance of complex structure associated with oysters and
eelgrass (Menendez 1987; Connolly 1994; Coen et al. 1999, 2007; Hughes et al. 2002;
1

Newell 2004; Soniat et al. 2004; Coen and Grizzle 2007). Complex structure is important
because it increases surface area and creates spatial heterogeneity which results in

increased species richness, diversity, organism abundance, and distribution (Gleason 1922;
MacArthur and MacArthur 1961; Risk 1972; Shulman 1984; Bruno and Bertness 2001;
Soniat et al. 2004; Jones et al. 2007)

The complex structure created by oysters provides habitat for many other species.

The interstitial space in reefs creates a refuge used by juvenile shellfish, fish, and

crustaceans (Day and Lawton 1988; Soniat et al. 2004; Boudreaux et al. 2006; McDermott
et al. 2008). Oyster shells, both live and dead, are used by sessile organisms such as algae

and mollusks for which attachment to a hard substrate is necessary for survival (Gutierrez
et al. 2003; Rodney and Paynter 2006; Coen and Grizzle 2007; Coen et al. 2011).

Communities that develop on oyster reefs are often absent on adjacent soft sediment flats
with little or no vertical structure suggesting that reefs are critical for the associated

species (Soniat et al. 2004; Mallet et al. 2006; Humphries et al. 2011). Reef associated

species provide forage for commercial and recreationally important fish, and increasing

reef structure can indirectly increase abundance of these fish (Coen et al. 1999; Peterson et
al. 2003; Rodney and Paynter 2006).

In 1995 an epizootic event caused by the parasitic protozoan Haplosporidium

nelsoni (MSX) occurred in New Hampshire in the Great Bay Estuary which resulted in 2583% mortality of the oyster population (Barber et al. 1997). Subsequent monitoring by

state agencies has documented the presence of MSX throughout New Hampshire’s oyster

populations, and oysters have had difficulty recovering due to continued susceptibility to
disease, sedimentation, and overharvesting, (Barber et al. 1997; Grizzle and Ward 2016).
2

Similarly to oysters, eelgrass, which serves important ecological functions as a

nursery and foraging habitat for fish, invertebrates, and birds, saw a great decline in the
20th century due to disease, pollution, and algae blooms (Jackson 1944; Orth et al. 1984;

Williams and Heck 2001; Hughes et al. 2002). It also has had difficulty rebounding despite
restoration efforts (Short 2013). The disappearance of complex habitat such as that

provided by oysters and eelgrass can have a detrimental effect on species richness and
abundance of an entire ecosystem (Connolly 1994; Hughes et al. 2002; Reed and Hovel
2006). In NH, these declines are part of a general trend in habitat reduction which has
contributed to decreases in juvenile finfish (NHF&G 2012).
Oyster farms

Recently oyster restoration and oyster aquaculture are being studied for the

ecological benefits they provide (such as habitat provision) as opposed to being solely an
economic resource (Peterson et al. 2003; Shumway et al. 2003; Coen and Grizzle 2007;
Coen et al. 2011). There have been numerous studies that have examined the effects of
shellfish aquaculture on estuarine ecosystem (As reviewed in: McKindsey et al. 2006;
Dumbauld et al. 2009; Forrest et al. 2009; Coen et al. 2011). The complex habitat

introduced by the grow-out gear on oyster farms increases vertical structure and

comparable habitat to other natural subtidal habitats such as oyster reefs or seagrass beds

(Castel et al. 1989; DeAlteris et al. 2004; Hosack et al. 2006; Mallet et al. 2006; Tallman and

Forrester 2007; Erbland and Ozbay 2008). Two of the previous studies that have compared
oyster grow out gear to adjacent natural habitats are Erbland and Ozbay (2008) and

DeAlteris et al 2004. Both of these studies found increased motile and sessile macrofaunal

abundance and decreased species evenness on oyster grow out gear compared to adjacent
3

natural habitats. However, the scope of these studies was limited. Each study compared

oyster grow out gear to only one or two other natural habitats (Erbland and Ozbay 2008
compared farm gear to adjacent experimental oyster reefs, and DeAlteris et al. 2004

compared farm gear to adjacent eelgrass beds and mudflats). Additionally, each of these
studies used different sampling techniques for each habitat. My study used a novel

sampling method that is uniform across habitats. My study also expands the geographic

area where these comparative studies have previously taken place, being the first in New
Hampshire.

Grizzle and Ward (2011) evaluated the regulatory, spatial, and environmental

feasibility of expanding the shellfish aquaculture industry in Great Bay, New Hampshire.
They cited improvements to water quality as one benefit of the industry’s expansion

(Grizzle and Ward 2011) . However, other impacts of shellfish aquaculture, such as habitat
provision, have not been addressed. Oyster farm gear may offer a source of habitat for

commercially important species in the Great Bay Estuary, and may be able to mitigate
effects of some of the habitat loss due to declining eelgrass beds and oyster reefs.

The major objective of the present study was to quantitatively characterize and

compare the biotic communities associated with oyster farm gear, eelgrass beds, oyster

reefs, and mud flats in a portion of Great Bay. Additionally, I identified potential causes for
differences in the biotic communities among the four habitats.
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Methods
Study Site
This study took place in Great Bay, NH to the south east of Woodman Point (Figure

1). Great Bay comprises a large portion of the Great Bay Estuary, which covers

approximately 17 square miles in New Hampshire and Maine. The Estuary is fed fresh

water via seven rivers (Bellamy, Cocheco, Oyster, Lamprey, Squamscott, Winnicut, and

Salmon Falls) and is connected to the ocean by the Piscataqua River that provides saline

water. Great Bay was designated a National Estuarine Research Reserve (NERR) in 1989,

making the state and federal governments partners committed to research, education, and
stewardship of the Bay.

The three natural study habitats were chosen because of their varying amounts of

emergent surface area (eelgrass with the most, mudflat with the least). Eelgrass and

oysters are naturally present in Great Bay, though their extent and densities fluctuate as a
result of several natural and anthropogenic factors. Mudflats were included as they

comprise a majority of the bottom in Great Bay, and acted as a “control” as they have

almost no emergent surface area. The site was chosen because of the close proximity of all
three of the natural habitats, as well as providing a suitable place to create an oyster farm.
The close proximity of the habitats (<1 km) was important to eliminate variation due to

salinity and temperature gradients that occur in the Bay. The oyster reef used in this study
is a natural reef that had restoration work completed in 2006. During restoration concrete
rubble was laid around the natural reef to serve as cultch for oyster spat (Grizzle et al.,

2006). Sampling for this study was restricted to the natural portions of the reef. Sampling
5

occurred in June, August, October 2014, and August 2015. Temperature during the year the
study occurred ranged from 27 Cᵒ to 3 Cᵒ, and salinity ranged from 32 PSU to 13 PSU
(NERRS).

Figure 1 Sample locations of placement of sample sites.

Field methods
All four habitat types were sampled with custom-made volumetric (0.5 m x 0.5 m x

0.5 m) sampling devices that removed 0.25 m2 of seafloor surface area and 0.125 m3 of the
water column directly above the sampled area (Figure 2). Four identical samplers were

constructed of plastic coated steel wire fencing covered with 4 mm plastic screen mesh. All
sampling events occurred at low tide. On each sampling occasion, the four replicate
6

samplers were tossed haphazardly into each habitat, landing 5 to 10 m apart and sinking to
the bottom with their open end downward, thereby minimizing the escape of fish and

invertebrates. A knife with ~30 cm long blade was then inserted under each sampler at the
sediment surface and worked around the perimeter of each sampler to cut a pathway for

inserting the closure device constructed of thin sheet metal. This was particularly needed
in the eelgrass and oyster reef habitats. After sliding the bottom closure through the

sediment and closing the bottom opening, the sampler was inverted trapping all organisms
in the sampler itself, lifted from the water, and the contents emptied into a fish box with 4
mm mesh bottom. The contents were then sifted to remove mud and debris, and all live
organisms were placed in labelled buckets. Fish caught were immediately identified

(Collette and Klein-MacPhee 2002), weighed, measured, and returned to the estuary

(IACUC #140404; see APPENDIX B for IACUC approval letter). All remaining invertebrates
and algae were separated and stored in a 4 Cᵒ room until processing.
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Figure 2 Volumetric sampler used to sample flora and fauna from all four habitat types
(see text for details).

As discussed above, the three natural habitats were adjacent to one another. No

oyster farm sites occurred in this area, so farm gear habitat was simulated by constructing
¼ scale oyster racks (“condos”) and placing twelve replicate units in one general area

between the mudflat and oyster reef habitats (Figure 1). Each condo was 0.5 x 0.5 x 0.5 m,

made from plastic coated wire mesh, and had three shelves (Figure 3). Plastic screening
material with 4 mm mesh was placed on the bottom shelf to catch organisms during
sampling. One 35 mm mesh bag was placed on each shelf, each bag containing

approximately 190 oysters/bag (~570 oysters/condo, ~52 mm shell height). Three rows of
four condos were set running parallel to the current to maximize water flow and increase

food availability for the oysters. During each sampling event, one of the 0.125 m3 sampling
8

units described above (Figure 2) was placed over each of four replicate condos, and
processed as described above for the natural habitats.

Figure 3 Sample farm gear (condo). Volumetric measure is 0.125 m3 and is
approximately 1/4 size of commercial condo.

The natural habitats were sampled during June, August, and October 2014, and

again in August 2015. The farm gear was set in June 2014, and sampled on the same
subsequent three dates as the natural habitats.
Laboratory methods

In the laboratory, all organisms (algae and invertebrates) were washed on a 2 mm

sieve, then identified to the lowest practical taxonomic rank (species in most cases) using a
dissecting microscope (Weiss 1995; Pollock 1998; Villalard-Bohnsack 2003). If necessary
9

for identification, algae were additionally observed under a compound microscope.

Individuals of invertebrate species were counted and wet weighed to the nearest tenth of a
gram (Ohaus Scont Pro Balance). Representative organisms from each species were

preserved in 70% isopropyl alcohol for future reference. Algae samples were wet weighed
and representatives for each species were pressed for future reference.
Statistical analysis

As described above, the sampling device used for all four habitat types yielded

quantitative sampling units that can be expressed by surface area (0.25 m2) as well as

volume (0.125 m3). Although focusing my data analysis on the traditional expression of

habitat data on a per unit area basis, the aim also was to adequately and uniformly sample
the vertical extent of each habitat. This was particularly necessary for the oyster gear
habitat, but also relevant for eelgrass beds and oyster reefs because they also have a

substantial vertical component. I estimated that, at a minimum, the oyster gear habitat

provides approximately three times what might be termed the “bottom surface area”

compared to the other habitats, because I used three bags of oysters in each condo, with

each bag occupying ~0.25 m2 of overall surface area. Thus all sampling units for the four

habitats are expressed in units that reflect the actual area (0.25 m2) sampled. All statistical

tests were based on the null hypothesis that there were no differences among the four
habitat types in the dependent variable being analyzed. I conducted univariate and

multivariate statistical analyses using JMP (JMP 2015) and PC-ORD (McCune and Mefford
2006) respectively, that tested among-habitat differences using a variety of biotic
community metrics.
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Univariate statistics
Univariate statistics were used to compare the density, biomass, and species

richness of each of the habitats and across the sampling months. This study used a splitplot design with the main plots defined as habitat (N=4) and month (N=3, June was not

included in the analysis because there were no farm samples taken during this month),

with sample units split within habitat. Density data were transformed using a square root

transformation and biomass data were transformed using Log transformation in order to

satisfy Shapiro-Wilks test for normality and Levene’s test for homogeneity. ANOVAs were
run on total density, biomass, and species richness across seasons and included all phyla
(JMP 2015). Density ANOVAs were run excluding the seasquirt Molgula spp. in order to
eliminate the effect of a large settlement event in August 2014 (average density= 1281
individuals/0.25 m2).

Multivariate statistics
Multivariate statistics were used to assess among-habitat variations resulting from

differences in species composition. All multivariate statistics were done using PC-ORD
(McCune and Mefford 2006). Density data were square root transformed and species

occurring in fewer than 5% of the samples were removed. Groups were defined by habitat

(farm gear, eelgrass, oyster reef, mudflat). June data were not included in the analyses since

there were differences in the number of samples on the natural habitats and the farm gear

(natural habitats each had 15 sample units, while farm gear had 12). Density of

invertebrate and fish in the sample units were compared with multi-response permutation
procedure (MRPP; Mielke 1984; Mielke and Berry 2001) and Indicator Species Analysis
11

(Dufrene and Legendre 1997). MRPP was used to provide a multivariate test of the
differences between habitat groups using Sorenson distance measures to calculate

differences. Indicator species analysis defines species presence and exclusivity to each
group.

Non-metric multidimensional scaling (NMDS; Kruskal 1964; Mather 1976) was used

to provide a graphical representation of relationships between the samples and variables.
A random starting configuration was used for 250 runs with the real data along with 250

randomized runs of data for a Monte Carlo test of significance. Community metric variables
were superimposed on the ordination using a joint plot.
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Results
Univariate community metrics
Univariate statistics were used to assess among-habitat variations resulting from

differences in organism abundance and biomass. Combining data from all four sampling

periods, the four habitat types differed significantly and substantially in animal and algal
community metrics: density, biomass, and species richness. For most metrics, the values

from the farm gear were significantly greater than all other habitats. Total animal (fish and
invertebrates combined) density (Figure 4) was greatest on the farm gear (317.17 ± 39.42
SE individuals/0.25 m2) compared to all other habitats (p< 0.0002). There was no

difference between the eelgrass bed and oyster reef (107.89 ± 24.82 SE individuals/0.25

m2; 117.53 ± 16.21 SE individuals/0.25 m2 respectively) but significantly fewer organisms

on the mudflat (23.53 ± 2.05 SE individuals/0.25 m2) than the other habitats.
Mean N individuals/0.25 m2

400

A

p< 0.0001
F= 32.32

350
300
250
200

B

150

B

100

C

50
0
Farm gear

Eelgrass bed

Oyster reef

Mudflat

Habitat type

Figure 4 Mean animal density by habitat type combining data from all four sampling periods. There was a
significant difference of mean density between the habitat types (p< 0.0001). Letters indicate significance
groupings based on Tukey means-separation tests. All species except for Molgula spp. and S. clava were
included in the analysis.
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Partitioning the data by sampling month, no strong temporal trends were evident

among the four habitats in total animal community densities (Figure 5). However, an

October spike in the eelgrass was noted as well as a significant linear increase in fish found
on the farm gear throughout the study (r2 = 0.97). Otherwise, the seasonal assessment
indicated that farm gear habitat consistently (all three measurement periods) had
significantly greater densities than the other three habitats.

14

Mean number individuals/ 0.25 m^2

October 2014
p<0.0001
F ratio= 27.50

Habitat
Figure 5 Density of all animals (excluding Molgula spp.) on habitats during sampling months. There was a
significant difference in density on the habitats (p<0.05) during each month. Letters indicate significance
groupings based on Tukey means-separation tests. Habitats not connected by the same letter are significantly
different.
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Among-habitat biomass was assessed with all taxa combined and separated by

major taxa. Total biomass was significantly different across the habitats (Figure 6A; p<

0.0001). There was significantly greater biomass on the farm gear (637.33 ± 61.10g/ 0.25
m2) compared to the eelgrass bed, oyster reef and mudflat (217.74 ± 50.31 SE g/ 0.25 m2;

313.20 ± 34.2 SE g/ 0.25 m2; 13.02 ± 3.26 SE g/ 0.25 m2 respectively). Differences between

farm gear and oyster reef invertebrate biomass were insignificant (Figure 6B). Farm gear

had significantly greater fish biomass (Figure 6C), and there were insignificant differences
of algal biomass between farm gear and eelgrass beds. There were no seasonal trends in
biomass.
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Figure 6 Mean biomass by habitat type combining data from all four sampling periods with all taxa combined and separated by major taxa.
There was asignificant difference of mean biomass between the habitat types (p< 0.0001). Letters indicate significance groupings
based on Tukey means-separation tests. Habitats not connected by the same letter are significantly different.

Among-habitat species richness was assessed with all taxa combined and separated by

major taxa. Species richness was significantly different across the habitats (p<0.0001,

Figure 7A). Farm gear had significantly greater invertebrate species richness (p< 0.01;

Figure 7B). Differences among fish and algae taxon were insignificant except there were
significantly fewer algal species on the mudflat (p<0.0001; Figure 7C, D). Seasonally,

species richness was consistently greater on farm gear habitat, and significantly lower on
the mudflats for overall taxa and invertebrates (Figure 8). The major exceptions to this

trend was fish species, where there were no significant seasonal differences. Eelgrass had

significantly greater algal species richness in October 2014 than the other habitat types (p=
0.002, Figure 8).
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p=0.85
F ratio= 0.76
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p<0.0001
F ratio= 4.58

B

Figure 7 Species richness found on the habitats. There was a significant effect of habitat on species richness for all taxa
(p<0.05). Letters indicate significance groupings based on Tukey means-separation tests. Habitats not connected by the same
letter are significantly different.
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Figure 8 Species richness by habitat across months. There was a significant difference of total community species richness across month
(p<0.01). There was a significant difference in species richness across month for the invertebrates (p=0.008) and algae (p=0.0002), but not
for fish.

Multivariate community metrics
Multivariate statistics were used to assess among-habitat variations resulting from

differences in species composition. Farm gear habitat had the highest Shannon Diversity
index and the second highest evenness, only exceeded by oyster reef habitat (Table 1).

Oyster reef habitat also had the second highest Shannon Diversity. Eelgrass and mudflat
habitats were intermediate in most of the community metrics.
Table 1 Community indices grouped by habitat. Density data used and
does not include algae.

Habitat
Farm gear

Species
richness
13.9

Evenness
0.883

Shannon
Diversity
2.318

Eelgrass bed

5.1

0.645

1.100

Oyster reef

9.2

0.9

1.977

Mudflat

3.9

0.844

1.120

NMDS ordination analysis was completed to graphically show differences in

community composition between groups (Figure 9). The end stress was 14.37 on two axes,
which was the solution recommended by PC-ORD (McCune and Mefford 2006). The

ordination showed distinct groupings of each of the habitats, particularly along Axis 1 that
accounted for 47% of the variation and was strongly correlated with Shannon diversity

(Pearson and Kendal correlation r2 =0.66; Figure 9). The second axis accounted for 17% of

the variation, and was correlated with species evenness (r2=0.53; Figure 9). The ordination

plotted samples from the same habitat very closely. This indicates that a single sample
from the farm gear is more similar to other farm gear samples (in terms of species
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composition) than it is to samples from another habitat (Figure 9). The two outlying
eelgrass samples are a result of those samples containing very few organisms.

Farm gear
Eelgrass bed
Oyster reef
Mudflat

Figure 9 Ordination grouped by habitat. Axis 1 accounts for 47% of the variation and axis 2 accounts for 17% of
the variation in invertebrate abundance. Axis 1 was most strongly correlated with Shannon Diversity index
(Pearson and Kendal correlation r2). Axis 2 was correlated with evenness.

Rank abundance tables were created using species density and biomass data. Table

22 shows the rank abundance of the sum of all fish species found on each habitat over the

course of the study. Cunner (Tautogolabrus adspersas) accounted for 97% of the total fish
caught on the farm gear. When observing fish species alone, eelgrass had high species
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richness (7) compared to the other habitats and three species were unique to this habitat

(American eel (Anguilla rostrata), Four-spine stickleback (Apeltes quadracus), and Tomcod

(Microgadus tomcod). Table 3 shows the density rank abundance of all animal (invertebrate
and vertebrate) species. All habitats showed dominance by a single species. The seasquirt
Molgula spp. on the farm gear accounted for 69% of species abundance. This was largely
due to a heavy recruitment event in August in which an average of 1,281 Molgula spp.

individuals/m2 were found on the farm gear. A total of 10 individuals were found on all

habitats throughout the remainder of the study. The mud snail Illyanassa obsoleta was the

most abundant invertebrate species on all the other habitats. The bolded species in Table 3
have been described as common food items for commercially and recreationally important
fish in the estuary. Table 4 is a rank abundance table of the biomass of all algae species.

Algae biomass was dominated by the red algae Gracilaria vermiculophylla and Gracilaria

tikvahae (herein referred to as “Gracilaria” unless a species is specified) and by the green

algae Ulva lactuca and U. rigida, (herein referred to as “Ulva” unless a species is specified)
in every habitat. See APPENDIX A for a complete list of all animal and algal species found
during the study.

Table 2 Rank abundance of fish species. Sum of all individuals on each habitat throughout the study.

Fish species
Cunner
Tautog
Grubby
Winter flounder
Atlantic silverside
Pipefish
American eel
Fourspine stickleback
Tomcod

Farm gear Eelgrass Oyster reef
106
4
2
1
1
1
2
2
2
1
1
1
1
1
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Mudflat

3
1
1

Table 3 Rank abundance table of density of invertebrate and fish species. Only the top 15 species were included. Bolded species are common food
for commercially and recreationally important fish species found in Great Bay (Collette and Klein-MacPhee 2002; Sale et al. 2002; Able and Fahay
2010).
Farm Gear
Taxa

Eelgrass bed
Taxa

Oyster Reef
% of
total
habitat
0.65

Taxa

Mudflat

Molgula spp.

% of
total
habitat
0.69

Illyanassa obsoleta

Hexapanopeus

0.04

Molgula sp

0.05

Crepidula plana

0.22

Pagurus pollicaris

0.06

angustifrons Eurypanopeus

0.04

Crepidula plana Panopeus

0.04

Eurypanopeus depressus

0.08

Mulinia lateralis

0.06

Illyanassa obsoleta

% of
total
habitat
0.31

Taxa
Illyanassa obsoleta

% of
total
habitat
0.46
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depressus Orbinia ornata

0.04

herbstii Dyspanopeus sayi

0.03

Nereis succinea

0.06

Crangon septemspinosa

0.05

Illyanassa obsoleta Nereis

0.03

Palaemonetes vulgaris

0.02

Nereis accuminata

0.05

Hexapanopeus

0.04

pelagica Amphritite ornata

0.02

Crepidula fornicata

0.02

Geukensia demissa

0.03

angusifrons Nassarius

0.04

Dyspanopeus sayi Nereis

0.02

Pagurus longicarpus

0.01

Nereis pelagica

0.03

vibrex

0.03

succinea

0.02

Hexapanopeus

0.01

Crepidula convexa

0.02

Pagurus longicarpus

0.03

Mytilus edulis

0.01

angusifrons Glycera spp.

0.01

Mytilus edulis

0.02

Panopeus herbstii

0.02

Nereis accuminata

0.01

Nereis pelagica

0.01

Palaemonetes vulgaris

0.02

Dyspanopeus sayi

0.02

Palaemonetes vulgaris

0.01

Solen viridis

0.01

Panopeus herbstii

0.02

Eurypanopeus depressus

0.02

Pholoe minuta

0.01

Crangon septemspinosa

0.01

Hexapanopeus

0.01

Glycera spp.

0.02

Crepidula plana Panopeus

0.01

Astyris lunata

0.01

angustifrons Cancer

0.01

Menidia menidia

0.02

herbstii
Palaemonetes intermedius

0.01

Mulinia lateralis

0.01

irroratus

0.01

Mya arenaria

0.02

0.01

Pleuronectes americanas

0.01

Crangon septemspinosa

0.01

Nereis succinea

0.02

Table 4 Rank abundance table of biomass of all algal species. Only top 5 species were included.

Farm Gear
Taxa
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Gracilaria vermiculophylla
Ulva lactuca
Gracilaria tikvahiae
Chondria baileyana
Neosiphonia harveyi

Eelgrass bed
% of
total
habitat
0.78
0.12
0.06
0.01
0.01

Taxa
Gracilaria tikvahiae Ulva
rigida
Ulva lactuca
Gracilaria vermiculophylla
Chondus crispus

Oyster Reef
% of
total
habitat
0.42
0.17
0.14
0.13
0.09

Taxa
Gracilaria tikvahiae
Gracilaria vermiculophylla
Ulva lactuca
Ulva rigida
Ascophyllum nodosum

Mudflat
% of
total
habitat
0.34
0.29
0.18
0.10
0.05

Taxa
Gracilaria vermiculophylla
Ulva lactuca
Ulva rigida
Gracilaria tikvahiae
Dasysiphonia japonica

% of
total
habitat
0.64
0.16
0.10
0.05
0.03

Results from the Indicator Species Analysis (McCune and Mefford 2006) showed

that cunner (Tautogolabrus adspersas), the mud crab (Hexapanopeus angustifrons), and the
polychaets Amphritite ornata were the top three best indicators of the farm gear (Table 5).
Starred species have an indicator value of greater than 70. Indicator values range from 0
(poor indicator) to 100 (perfect indicator). An ideal species indicator would be both
abundant in, and exclusive to, a habitat. For example, I. obsoleta was very abundant,

particularly in the eelgrass, oyster reef, and mudflat, but because it was so abundant in all
three of those habitats it is a poor indicator species for any particular habitat. The bolded
species were significantly more likely to appear on the habitat indicated.

Table 5 Species indicator analysis table. Bolded species are significantly more likely to appear on the habitat
indicated. Starred species have an indicator value of >70.
Species

Habitat of
greatest
abundance

Indicator
Value (IV)

p value

Farm gear

78.8

0.0002

Eelgrass bed

6.5

0.5939

Lepidonotus squamatus

Farm gear

29.5

0.0046

Nereis accuminata

Farm gear

20.3

0.0592

Nereis pelagica

Farm gear

32.7

0.005

Nereis succinea

Farm gear

52.7

0.0002

Orbinia ornata

Farm gear

7.5

0.4109

Amphritite ornata*
Glycera sp

Pholoe minuta

Farm gear

25

0.007

Cancer irroratus

Oyster reef

9.2

0.2977

Mudflat

16.2

0.3033

Farm gear

76.5

0.0002

Crangon septemspinosa
Dyspanopeus sayi*
Eurypanopeus depressus

Farm gear

65.9

0.0002

Hexapanopeus angustifrons*

Farm gear

87.1

0.0002

Eelgrass bed

19.5

0.1376

Mudflat

20

0.0534

Pagurus longicarpus
Pagurus pollicaris
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Species

Habitat of
greatest
abundance

Indicator
Value (IV)

p value

Palaemonetes intermedius

Oyster reef

7.7

0.5255

Palaemonetes vulgaris

Farm gear

32.9

0.0154

Panopeus herbstii

Farm gear

33.9

0.0074

Rhithropanopeus harrisii

Farm gear

13.5

0.2853

Menidia menidia

Eelgrass bed

8.9

0.4767

Molgula sp

Farm gear

40.7

0.001

Myoxocephalus aenaeus

Farm gear

3.2

0.885

Pleuronectes americanas

Mudflat

8.6

0.4515

Syngnathus adspersas

Mudflat

2.2

1

Tautogolabrus adspersas*

Farm gear

90.9

0.0002

Tautogolabrus onitas

Farm gear

16.7

0.0424

Astryis lunata

Eelgrass bed

13.3

0.241

Crepidula convexa

Oyster farm

10

0.2985

Crepidula fornicata

Eelgrass bed

6.3

0.6005

Crepidula plana

Oyster reef

34.8

0.0056

Geukensia demissa

Oyster reef

69.2

0.0002

Illyanassa obsoleta

Oyster reef

27.9

0.5513

Mudflat

45.4

0.0004

Mya arenaria

Farm gear

18.5

0.107

Mytilus edulis*

Farm gear

72.1

0.0002

Nassarius vibrex

Mudflat

13.3

0.2332

Eelgrass bed

20

0.0562

Spisula solidissima

Farm gear

5.6

0.9486

Urosalpinx cinerca

Farm gear

27.5

0.0132

Mulinia lateralis

Solen viridis
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Discussion
Shellfish aquaculture is just beginning to be explored for its ecological benefits such

as provision of habitat to assuage the stressors related to the decline of natural habitat
forming species (Shumway 2011). This study aimed to quantify both the epifaunal and

floral species that inhabit oyster farm gear in Great Bay, New Hampshire, and to compare

that community with other structure forming habitats (eelgrass and oyster reef) as well as

mudflats. My data indicate that farm gear provides a structural, epibenthic habitat that

differs from eelgrass and oyster reefs in species composition of resident fish, invertebrates

and algae. Additionally, the farm gear supports increased abundance, biomass, and

diversity of species, many of which are potential prey items for predatory fish.
The increases of density, biomass and species richness found for algae,

invertebrates, and fish were not surprising given that farm gear greatly increases available
emergent surface area when compared to the natural habitats. There is a substantial

literature describing the increases in organism abundance and biomass on habitats that
provide emergent surface area in marine ecosystems (Coen et al. 1999; Newell 2004;

McKindsey et al. 2006; reviewed in Coen and Grizzle 2007; Forrest et al. 2009). DeAlteris et
al. (2004) suggested the importance of emergent surface area as it relates to shellfish

aquaculture. In their comparison of rack-and-bag oyster farming to submerged aquatic
vegetation and mudflats, they showed that organism abundance was very strongly

correlated to emergent surface area (p<0.001; r2 = 0.94). Erbland and Ozbay (2008)

studied abundance of organisms of rack-and-bag style oyster farm gear compared to
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oyster reefs. They found that oyster farm gear supported significantly greater density of

macro invertebrates than the oyster reef (p<0.01) but lower species evenness. D’Amours et
al. (2008) found a 2-4 fold increase in the abundance of macrofauna around aquaculture
mussel lines, and Powers et al. (2007) found abundance of algae and fauna to be

comparable between cultured clam flats and eelgrass beds. A study by Tallman and

Forrester (2007) found scup and tautog were three times more abundant on the farm gear

compared to rocky reefs. These findings have all been attributed to habitats providing
increased structure and complexity. My findings were comparable to these previous

studies; however, my study adds to the existing literature by expanding the geographic

range of comparative habitat data, and was the first of this type done in New Hampshire.
Additionally, I used a unique sampling method which was uniform across all habitats as

opposed to the previous studies which used different collection methods for each habitat.
My study was also the most comprehensive in that it examined farm gear plus three

natural habitats, whereas other comparable studies have included more limited natural
habitats (Table 6).

Table 6 Comparison of current studies to two previous studies.
DeAlteris et al 2004
Location
Uniform sampling method
Significantly greater abundance on farm gear
Low evenness on farm gear
Abundance individuals
Farm gear
Oyster reef
Eelgrass bed
Mudflat

Rhode Island
No
Yes
Yes
~1612 / m2
~205/ m2
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Erblrand and Ozbay
2008
Delaware
No
Yes
Yes

This study

959/ m2
414/ m2

1268/ m2
470 / m2
430/ m2
94/ m2

New Hampshire
Yes
Yes
Yes

The effects of increased habitat structure on species abundance and diversity have

been the subject of ecological study for many years (McCoy and Bell 1991). The most

fundamental theory to explain this relationship is the “species-area relationship” that was
first described by Arrhenius in 1921 and was expanded upon by Gleason in 1922. They

described mathematically that the number of species observed in an area increases if the
area is expanded. Since then many models relating to habitat structure have been

developed to help explain this relationship (Hart and Horwitz 1991). McCoy & Bell (1991)
define three axes to describe the relationships encompassed by “habitat structure”:

heterogeneity, complexity, and scale. The difference between heterogeneity and complexity
is that heterogeneity refers to the diversity of the actual structural components and

complexity refers to the actual number of components. Habitat heterogeneity increases

species diversity, as the needs of species differ, and some species may need multiple

habitat types to satisfy the needs of different life stages or processes. Heterogeneity and
complexity are dependent on the scale being studied, which should be dependent on the
organism whose response is being studied. The scale at which one would study, for

example, a worm compared to a fish is very different because a worm’s perception of

heterogeneity or complexity is going to encompass a much smaller space than that of a fish.
The scale at which this study took place was most appropriate for documenting diversity

within the invertebrate taxon since the scale was more conducive to providing

heterogeneity at a small but macroscopic scale. The farm gear provided complexity which

attracted larger animals (e.g., cunner), but the scale may not have been large enough to

provide heterogeneity to attract a larger diversity of fish. My results indicated that only
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invertebrate species richness was significantly greater on the farm gear, supporting the

idea that the scale was most appropriate for them, and that the farm gear offered animals
at this scale with increased habitat heterogeneity and complexity.

Models that include heterogeneity within habitats, such as the edge/center model,

often display a positive relationship between species richness and area (Hart and Horwitz

1991; McCoy and Bell 1991; Sebens 1991). The edge/center model accounts for the habitat
heterogeneity that arises from differences in conditions at the edge of a habitat versus the
center of a habitat (Hart and Horwitz 1991), suggesting that habitats with greater edge
area will have greater habitat heterogeneity. This model is used in both terrestrial and

marine systems to explain differences in species presence and abundance (Shulman 1984;

Wilcove 1985; Irlandi et al. 2014; Nevins et al. 2014). Applied to this study, each condo can

be viewed similarly to a small patch of reef, as opposed to the natural habitats which at the
scale of the samples taken, appeared to be continuous. The increased amount of edge

within each farm gear sample created greater heterogeneity that may explain the greater
species richness and abundance.
Temporal trends

Though documenting ecological succession on farm cages was not a goal of this

thesis, there was a linear increase of species density and richness on the farm gear

throughout the course of this study (r2= 0.97). This is likely due to primary succession,

defined as changes in community composition after the introduction of new substrate free

of any organisms (Gotelli 2008). Frequently during succession, opportunistic species of
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high fecundity and fast growth rates will be the first species to settle an area and then are
replaced by subsequent species (Gotelli 2008). This pattern is observed in the marine
communities with short-lived, fast growing, high density species colonizing early, and

longer lived, slower growing organisms dominating later (Chalmer 1982; Van Dolah et al.
1988). These patterns are complex, and vary depending on a host of factors including

substrate, season, and life history of individual species, which make succession on the short

time scale of this study (1 year) difficult to decipher (Scheer 1945; Chalmer 1982; Van

Dolah et al. 1988; Greene and Grizzle 2007). However, similar to previous research

(Berman et al. 1992; Dijkstra and Harris 2007), this study documented a large settlement of
Molgula spp. In the last month of sampling there was an increase in Mytilus edulis, which
has been described as being a competitive dominant (Suchanek and Suchanek 1981;

Chalmer 1982; Sebens 1991; Berman et al. 1992; Greene and Grizzle 2007). At first glance

this suggests that the farm gear may have been approaching a stable community, however
a true working oyster farm will likely never develop a mature community, as there is

regular disturbance of the farm gear from the harvesting of the oysters. This study did not
examine the effects of disturbance, however under the intermediate disturbance

hypothesis (IDH), which states that periodic disturbances increases species diversity, a
prediction could be made that the act of harvesting oysters would support increased

species diversity on the farm gear (Connell 1978). This could be addressed in future
studies.

Species richness was also variable across months, and increased temporally on the

farm gear. Species richness commonly increases in primary succession, but then plateaus
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or decreases as the community matures (Brown 1991). I did not observe a plateauing of

species richness, but this has been seen in other studies, such as Dean and Connell (1987a).
They observed succession over a two-year period in an intertidal community and saw an
increase in species richness until the second year when there was little difference in

species richness between their defined “middle” and “late” successional communities.

Sousa (1979) also reported an increase in species richness in algal communities after

disturbance until competitive dominant species established and reproduced after 2-3
years. Similar to my study, Van Dolah et al (1988) found an increase in richness and

diversity over the course of a year-long study, though they also suggest that stabilization of
the community was not achieved in just a single year.

Algal community
I identified 39 algal species over the course of this study. Species and their

distribution were typical for Great Bay (Mathieson and Hehre 1986; Mathieson et al.
2008a). Substrate is often an important factor in determining the species present

(Hardwick-Witman and Mathieson 1983), but in my study algae species were relatively
uniform across habitats, and there were no significant differences in species richness

among the habitats except for mudflats, which had significantly fewer species. There have
been about 20 documented non-native species of algae in New England, including

Gracilaria vermiculophylla, Neosiphonia harvyi, and Dasysiphonia japonica (Mathieson et al.
2008a; b; Schneider 2010) all which were found in this study. D. japonica was documented
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in Rhode Island in 2010 (Schneider 2010), but this study is the first time that it has been
documented in NH (see APPENDIX A for a complete list of algal species).

Many of the algal species collected from all three structure-forming habitats are

considered “fouling” species (Mathieson et al. 2008a). This may be an artifact of location of

the study site, as there was a high abundance of Gracilaria in the area (per. obs.). The high
relief of the farm gear makes it easy for such drift species to get caught and accumulate.

The proliferation of these “nuisance” macroalgae has been increasing in Great Bay due to
increased nutrient concentration (PREP 2013). G. vermiculophylla is an invasive species,
first identified in NH in 2003 and since then has been incredibly prolific (Nettleton et al.

2013). Although there have been no documented effects of G. vermiculophylla functioning

ecologically differently from its native counterpart (G. tikvahiae), this has yet to be further

explored (Schneider 2010). Nuisance algae, particularly Gracilaria and Ulva, may be one of
the factors contributing to the decline of eelgrass in the Bay (Short and Burdick 1996;
Beem and Short 2008; Nettleton et al. 2013; PREP 2013; Short 2013).

Drift algae such as Gracilaria and Ulva may, however, have positive effects on

benthic species richness and diversity (Norkko et al. 2000). Algae can increase habitat

heterogeneity and complexity providing refuge and forage for other species (Raffaelli et al.
1998). Norkko et al. (2000) demonstrated that some benthic species such as snails and
worms can take advantage of these drift algae species by using them as refuge. The

presence of these algae may have contributed to the high abundance of xanthid crabs on
the farm gear habitat as both Gracilaria and Ulva have been demonstrated to provide
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refuge and increased nursery habitat for them (Dean and Connell 1987b; Johnston and
Lipcius 2012; Bishop and Byers 2014).
Fish community and prey species

Eleven species of fish were identified over the course of this study (see APPENDIX A

for a complete list of species). Fish species richness was greatest on the eelgrass (7 species)
while the greatest abundance was observed on the farm gear (number of cunner= 107,

Figure 10). The high abundance of cunner on the farm gear is likely due to its affinity for
structure (Olla et al. 1979; Tallman and Forrester 2007). These results contrast with the

findings by Tallman and Forrester (2007) who found an increased abundance of cunner on
natural rocky reefs over oyster farm gear. Great Bay however generally lacks rocky

substrate, so the farm gear in this study provides superior refuge than many places in Great
Bay. Cunner are omnivorous and feed primarily on small mollusks and crustaceans

(Collette and Klein-MacPhee 2002) which were also very abundant on the farm gear.
The greatest number of fish species was collected in the eelgrass (7 species),

followed by oyster reefs (4 species), and farm gear (3 species). Only grubbies

(Myoxocephalus aenaeus) were common between these three habitats, and cunner were

found only on the farm gear and the oyster reef (again, reflecting their affinity for complex

structure). Though the farm gear did not support a high diversity of fish, it did support a
wide variety of invertebrate prey species consumed by commercially and recreationally

important fish, including crabs, polychetes, shrimp, and gastropods. Striped bass, American
eel, cunner, Atlantic silversides, mummichogs, and Atlantic herring, are all important fish
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Figure 10 Schematic illustrations showing fish,
invertebrate and algal species and relative
abundances in the four habitats, from top to bottom:
farm gear, eelgrass, oyster reef, and mudflat.

3366

species found in Great Bay that could benefit from the potential prey species found on the
farm gear (Collette and Klein-MacPhee 2002; Sale et al. 2002; Odell et al. 2006; Able and
Fahay 2010).

Worms, crabs, and gastropods composed a large majority of the species found on

the farm gear. Of the top 20 species identified from the farm gear, 40% were annelid

worms. The high abundance of these infaunal organisms reflects the fact that fine-grained
sediments typically accumulate in oyster gear due to oyster feeding and biodeposition, as
well as the cages themselves acting as sediment “traps.” Crabs in particular comprised

11% (35% if Molgula spp. is removed) of the abundance on the farm gear. This was likely

due to the preference of xanthid mud crabs for complex reef habitat (McDonald 1982; Day
and Lawton 1988; Meyer 1994). Xanthid mud crabs consume a wide variety of organisms
including mud snails, oysters, and algae which were also found in high abundance on the
farm gear (McDonald 1982; Menendez 1987; Silliman and Bertness 2002; Silliman et al.
2004).

Conclusion
Overall, my study demonstrates that farm gear typically used in oyster aquaculture

in the region supports a large prey community for commercially important fish, as well as

substantial diversity and abundance of invertebrates and macroalgae. My findings quantify
the observations typically made by oyster farmers in New Hampshire who report a wide

variety of species on their farms in Little Bay including: lobsters, black sea bass, flounder,
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blue crabs, and pipe fish (per. comm. Ray Grizzle and Brian Gennaco, 2015). It would be

important to study fish use of farm gear more closely to understand farm gear habitat as it

relates to commercially and recreationally important fish.

The indicator species analysis illustrated that of all the invertebrate and vertebrate

species, 38% were strong indicators of the farm gear, and were statistically more likely to
be found on the farm gear than the other habitats. This suggests that the farm gear

supports a unique and diverse community compared to the other habitats. This can most
likely be attributed to the increase of its complex and heterogeneous structure. The farm

gear supported invertebrate and fish communities that were unique compared to the other
habitats, and many of the species found on the farm gear were prey for more economically
important species. This suggests that while oyster farm gear may not mitigate the loss of
eelgrass beds and oyster reefs, they do provide a service to the estuary by increasing

habitat complexity and heterogeneity (at both small and large scales), and increasing
forage abundance and diversity.

The value of oyster farms as habitat for forage species is increasingly important as

the natural habitats that these species depend on continues to decline. Restoration of

eelgrass beds and oyster reefs is important for maintaining a dynamic estuary system,

however restoration is expensive. Approximately $54,000 are spent per acre of restored

oyster reef in Great Bay (Grizzle et al. 2006b). Oyster farms in NH could act as a multi-use
resource in ecological restoration and industry. Oyster farms, along with other natural
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habitats contribute to the large scale habitat heterogeneity of the Estuary, thereby
supporting a diverse and abundant species assemblage.

Shellfish farming can have both positive and negative impacts on an estuary which

has been the subject of several review papers (Prins et al. 1998; McKindsey et al. 2006;
Dumbauld et al. 2009; Forrest et al. 2009). Estuaries are generally only at risk of the

negative impacts introduced by oyster farming when the farming industry expands beyond
what they estuary can support. Research on impacts of oyster farming in New Hampshire
has suggested that farming could benefit the Estuary and has not shown any negative
impacts (Grizzle and Ward 2011). A study by Grizzle et al. (2016) demonstrated that

farmed oysters in New Hampshire remove dissolved nitrogen and suggests that the

harvesting of farmed oysters could help reduce the nitrogen enrichment in the Estuary.

There is a transition occurring world-wide in how the world’s marine resources are

managed. Managers are beginning to integrate ecosystem based management (EBM) which
aims to manage entire ecosystems rather than single species (Dell’Apa et al. 2015).

Evaluating the ecological importance of our marine resources is an integrative part of this

process (Day 2008; Gilliland and Laffoley 2008; Halpern et al. 2012). One of the challenges

facing scientists and resource managers for implementing EBM is the ability to evaluate the
impacts that different activities and resources have on each other (Crowder and Norse
2008; Clark et al. 2016). This study provides methods for evaluating the ecological

importance of oyster farming, which could be used in future management of Great Bay’s
resources.
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APPENDIX A
List of Taxa
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Animal taxa

P. Annelida
Amphritite ornata
Drilonereis magna
Glycera sp
Lepidonotus squamatus
Nereis accuminata
Nereis pelagica
Nereis succinea
Nereis virens
Orbinia ornata
Pholoe minuta
Scoletoma sp.
F. Paranoidae
F. Spionidae
P. Arthropoda
Balanus sp.
Cancer irroratus
Carcinus maenas
Crangon septemspinosa
Dyspanopeus sayi
Eurypanopeus depressus
Hemigrapsus sanguineus
Hexapanopeus angustifrons
Pagurus longicarpus
Pagurus pollicaris
Palaemonetes intermedius
Palaemonetes pugio
Palaemonetes vulgaris
Panopeus herbstii
Rhithropanopeus harrisii

P. Byrozoa
Amanthia vidovici
P. Chordata
Anguilla rostrata
Apeltes quadracus
Menidia menidia
Microgadus tomcod
Molgula sp
Myoxocephalus aenaeus
Pseudopleuronectes americanas
Styela clava
Syngnathus fucus
Tautogolabrus adspersas
Tautogolabrus onitas
P. Cnidaria
Dynamena cornicina
Dynamena pumila
Sertularella rugosa
P. Mollusca
Astryis lunata
Crepidula convexa
Crepidula fornicata
Crepidula plana
Geukensia demissa
Illyanassa obsoleta
Mulinia lateralis
Mya arenaria
Mytilus edulis
Nassarius vibrex
Solen viridis
Spisula solidissima
Urosalpinx cinerca
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Algae taxa

P. Chlorophyta
Bryopsis plumosa (Hudson) C. Agardh
Chaetomorpha linum (O.F. Müller Kützing)
Chaetomorpha picquotiana Montagne ex Kützing
Cladophora sericae (Hudson) Kützing
Prasiola stipitata Suhr in Jessen
Ulva compressa C. Linnaeus
Ulva flexuosa ssp. flexuosa Wulfen
Ulva flexuosa ssp. paradoxa (C. Agardh) M. J. Wynne
Ulva intestinalis C. Linnaeus
Ulva lactuca C. Linnaeus
Ulva linza C. Linnaeus
Ulva prolifera O. F. Müller
Ulva rigida C. Agardh
Ulva unidentified species
P. Phaeophyta
Ascophyllum nodosum (Linnaeus) Le Jolis
Hincksia granulosa (J. E. Smith) P. C. Silva ex Silva, Meñez and Moe
Pylaiella littoralis (Linnaeus) Kjellman
P. Rhodophyta
Aglaothamnion halliae (F. S. Collins) N. E. Aponte, D. L. Ballantine, et J. N. Norris
Aglaothamnion roseum (Roth) Maggs et L'Hardy-Halos
Antithamnion cruciatum (C.Agardh) Nägeli
Callithamnion corymbosum (Smith) Lyngbye
Callithamnion tetragonum (Withering) S. F. Gray
Ceramium deslongchampsii Chauvin in Duby
Ceramium virgatum Roth
Chondria baileyana (Montagne) Harvey
Chondrus crispus Stackhouse
Coccotylus truncates (F.S. Collins) Stegenga, I. Mol, Prud’homme van Reine et Lokhorst
Cystoclonium purpureum (Hudson) Batters
Dasya baillouviana (S. G.Gmelin) Montagne
Dasysiphonia japonica (Yendo) H.-S.Kim
Gracilaria tikvahiae McLachlan
Gracilaria vermiculophylla (Ohmi) Papenfuss
Lomentaria divaricata (Durant) M. J. Wynne
Neosiphonia harveyi (J.W. Bailey) M.-S. Kim, H.-G. Choi, Guiry et G.W. Saunder in H.-G Choi
et al.
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Phyllophora pseudoceranoides (S. G. Gmelin) Newroth and A. R. Taylor
Polysiphonia schneideri Stuercke et Freshwater
Polysiphonia elongata (Hudson) Sprengel
Polysiphonia fucoides (Hudson) Greville
Polysiphonia stricta (Dillwyn) Greville
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APPENDIX B
IACUC Approval Letter
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University of New Hampshire
Research Integrity Services, Service Building
51 College Road, Durham, NH 03824-3585
Fax: 603-862-3564
21-Apr-2014
Grizzle, Raymond
Biological Sciences, Jackson Lab
Durham, NH 03824
IACUC #: 140404
Project: Assessing Habitat Value of Oyster Aquaculture
Category: D
Approval Date: 18-Apr-2014

The Institutional Animal Care and Use Committee (IACUC) reviewed and approved the protocol
submitted for this study under Category D on Page 5 of the Application for Review of Vertebrate Animal
Use in Research or Instruction - Animal use activities that involve accompanying pain or distress to the
animals for which appropriate anesthetic, analgesic, tranquilizing drugs or other methods for relieving
pain or distress are used. The IACUC made the following comment(s) on this protocol:

1. Ray Grizzle and Krystin Ward need to receive occupational health program approval to handle
vertebrate animals prior to doing so.
2. The IACUC made the following changes to the application:
a. In Section VI, D, iv added ''Little Bay" to Source and changed "Unknown" to "Various. "
b. In Section VII, c; #25 and #26, checked ''No."

Approval is granted for a period of three years from the approval date above. Continued approval
throughout the three year period is contingent upon completion of annual reports on the use of
animals. At the end of the three year approval period you may submit a new application and request
for extension to continue this project. Requests for extension must be filed prior to the expiration of the
original approval.
Please Note:
1. All cage, pen, or other animal identification records must include your IACUC # listed above.

2. Use of animals in research and instruction is approved contingent upon participation in the
UNH Occupational Health Program for persons handling animals. Participation is mandatory
for all principal investigators and their affiliated personnel, employees of the University and
students alike. Information about the program, including forms, is available at
http://unh.edu/research/occupational-health-program-animal-handlers.

If you have any questions, please contact either Dean Elder at 862-4629 or Julie Simpson at 862-2003.
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Jill A. McGaughy, Ph.D.
Chair
cc:

File
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